The vessel collision accidents cause a great loss of lives and property. In order to reduce the human fault and greatly improve the safety of marine traffic, collision avoidance strategy optimization is proposed to achieve this. In the paper, a multiobjective optimization algorithm NSGA-II is adopted to search for the optimal collision avoidance strategy considering the safety as well as economy elements of collision avoidance. Ship domain and Arena are used to evaluate the collision risk in the simulation. Based on the optimization, an optimal rudder angle is recommended to navigator for collision avoidance. In the simulation example, a crossing encounter situation is simulated, and the NSGA-II searches for the optimal collision avoidance operation under the Convention on the International Regulations for Preventing Collisions at Sea (COLREGS). The simulation studies exhibit the validity of the method.
Introduction
With the appearance of larger, specialized, and faster vessel, the environment of marine traffic becomes more and more sophisticated. Therefore, the collision accidents occur frequently, even though some advanced auxiliary vessel collision avoidance equipment is widely used aboard. The vessel collision accidents cause a great loss of lives and property. Navigational collision is a major safety concern at sea. According to the investigation of Li et al. [1] , 80% of collision accidents are caused by human factor, including wrong decision or careless. Therefore, the subject of how to provide reasonable navigational information for navigators has been studied.
In early navigation, vessel collision avoidance depended on the experience of navigators due to lack of advanced equipment. Recently, Automatic Radar Plotting Aid (ARPA) appears and is widely installed on most merchant vessels [2] . The data handling and graphic display of equipment enhance the collision avoidance efficiency, and the decision is more and more objective [3] . ARPA provides an interface for navigators to evaluate the validity of a collision avoidance strategy by the predicted values of two important parameters of target vessels-Distance at Closest Point of Approach (DCPA) and Time to Closest Point of Approach (TCPA) [4] . The navigator can make a decision according to result of ARPA. However, the ARPA only can assess the movement of vessels according to a certain speed and course, and it cannot evaluate the economic characteristic of the different operations. Therefore, the navigator's decision is always suboptimal, and sometimes the wrong judgment is rendered.
With the appearance and development of new navigation equipment like AIS [5, 6] , advanced computer technology, and so forth, the application of intelligent optimization algorithm has been used for collision avoidance strategy searching. Genetic algorithm (GA) is a popular heuristic algorithm, which has been used for many subjects, such as system identification [7, 8] , supply chain [9] , and scheduling problem [10] .Ś mierzchalski and Michalewicz [11] , Szlapczynski [12] , and Szlapczynski and Szlapczynska [13] first made use of genetic algorithm to plan the route of vessel in static or dynamic environment in order to avoid obstacles. Similar heuristic optimization algorithms have been used by other researchers: GA is used to find the optimal path and manoeuvres in collision avoidance [14] [15] [16] . Cheng and Liu made use of genetic algorithm to optimize the collision avoidance route of urban river [17, 18] . There are also other related approaches used to vessel collision avoidance and route planning, such as ant colony algorithm [19] [20] [21] and expert system [22] . The collision avoidance optimization problem is to find a reasonable way to make the vessel avoid the obstacles with minimal wastage and maximum safety. It is a multiobjective optimization problem. The above-mentioned collision avoidance problems are generally considered to have been solved form the scientific point of view, even if some solutions have not been applied yet. Moreover, in most of above-mentioned researches, the problems are always defined as a single-objective problem or transformed to a single-objective problem by the weights allocation. However, the parameters of weight are always experiential, which are difficult to set.
Recently, the number of multiobjective evolutionary algorithms increases drastically due to their popularity and capability of successfully solving multiobjective optimization problems [23, 24] . In this paper, we adopt a multiobjective optimization algorithm (NSGA-II) instead of a singleobjective optimization algorithm to optimize the collision avoidance strategy. The NSGA proposed by Srinivas and Deb [25] has been successfully applied to solving many problems. An improved version of NSGA, which they called NSGA-II, overcome some disadvantages of NSGA, such as high computational complexity of nondominated sorting, lack of elitism, and need a sharing parameter. NSGA-II is considered as the state-of-the-art multiobjective evolutionary algorithm [26, 27] . The collision avoidance operation of vessel is selected as the optimized variables instead of the path that is constructed of coordinates set. Thus, the navigators can get the rudder angle for collision avoidance by the optimization of NSGA-II. This paper is organized as follows. The problem of vessel collision avoidance optimization is presented firstly in Section 2, and then the multiobjective optimization algorithms (NSGA-II) for collision avoidance strategy optimization are discussed in Section 3. Finally, a of crossover encounter situation is simulated, and the optimization process and results are discussed in Section 4.
Vessel Collision Avoidance Optimization Problems

Multiobjective Optimization Problem.
A multiobjective optimization problem is defined by a set of parameters (decision variables), a set of objective functions, and a set of constraints. The objective functions and the constraints are functions of the decision variables. The aim of the optimization is to minimize (and maximize)
where is the vector of decision variables, f are the objective functions, M is the objective number, and min and max are the bound of decision variables. Considering a minimization problem for each objective, it is said that a decision vector dominates another vector ( > ) if and only if
We can say that a vector of decision variables is a Pareto-optimal solution or nondominated solution. Therefore, the Pareto-optimal set is the set of all Pareto-optimal solutions. The aim of an optimization algorithm is to find a set of Pareto-optimal solutions approximating the true Paretooptimal front.
Collision Avoidance Strategy Optimization Problem.
The goal of the collision avoidance strategy optimization is to find an optimal collision avoidance operation, which has the minimal time loss or way loss spending on maneuvering, while fulfilling some COLREGS rules [28] . Therefore, the individual evaluation is consolidated of security and economic factors [29] . The evaluation function includes three elements. The first part is the security assessment of the strategy, and it is a very important part of the evaluation function, namely, risk of collision. The safety of the strategy is mainly reflected by the collision risk between local vessel and target vessel. After generating the initial strategy, the Nomoto model is used to simulate the vessel and the collision risk is evaluated according to the information of the vessels. Different collision avoidance strategies lead to different collision risks. The second factor is the economic factors [12] , such as the sailing time and distance. The third one is the smoothness factor, namely, the rudder angle changing or course changing.
Therefore, the collision avoidance strategy optimization based multiobjective is composed of three objectives as follows:
The fitness can be calculated by the simulation data, and the primary optimized variable is the rudder angle that navigator or autopilot should be adopted in the collision avoidance.
Safety Evaluation.
In the navigation, safety is the primary problem. In the paper, the minimum distance of the two vessels in the collision avoidance is adopted to evaluate the security. The evaluation function is shown as follows:
where safety is the safety evaluation of th strategy, D is the distance of passing close, F is a big value to make sure that the safety is positive, and function min() is minimum function. In the process of navigation, the routing is not a line, but a track belt. According to Yang's literature [30] , the distance between two vessels should be maintained more than ( 0 + ) /18 to prevent vessel collision caused by suction. If the distance between the two vessels is less than ( 0 + ) /18 in the simulation, the two vessels have a collision and the fitness is zero.
COLREGS rules should be considered except for 1 , which is an international rule at sea. Some rules are about the collision avoidance as follows.
(1) None of the ship domains are violated, that means every vessel having its own zone, which cannot be violated by other vessels.
(2) Speed alterations are not to be applied unless necessary (collision cannot be avoided by a configured maximum course alteration value). In vessel collision avoidance, the speed is always constant except that the collision avoidance cannot be achieved by course turning.
(3) COLREGS rules are not violated (especially rules 13 to 17).
(a) Rule 13: "an overtaking vessel must keep well clear of the vessel being overtaken" in overtaking situations. (b) Rule 14: "when two power-driven vessels are meeting head-on, both must alter course to starboard, so that they pass on the port side of the other" in head-on situations. (c) Rule 15: "when two power-driven vessels are crossing, the vessel, which has the other on the starboard side, must give way" in crossing situations. (d) Rule 16: "the give-way vessel must take early and substantial action to keep well clear. " (e) Rule 17: "the stand-on vessel may take action to avoid collision if it becomes clear that the giveway vessel is not taking appropriate action. "
According to rules 13-17, the local vessel and target vessel have different responsibility in different encounter situation. For example, the overtaking vessel cannot affect the navigation of overtaken vessel in overtaking situation; in head-on situation, the two vessels must adopt collision avoidance measures separately; crossing situation is a complex situation, the given-way vessel must adopt collision avoidance measures, and the stand-on vessel must stay the speed and course. The COLREGS rules can be considered as the constraints of the fitness evaluation. Although there are some constraints, we have considered it at the generation of population and do not integrate into the fitness function.
Economy Evaluation.
Energy conservation is very important. The second part of evaluation is the economical evaluation of the strategy. Economy is mainly reflected by the time and voyage consumption. Since the speed of vessel is constant in the process of collision avoidance, there is a linear relation with the distance and time of vessels. Therefore, only voyage consumption is considered in the evaluation function. The evaluation function is as follows:
where economy is the economical evaluation of th strategy, is the simulation steps, is the steps length of collision avoidance, and ( , ) is the coordinate of vessel.
Smoothness Evaluation.
The third part is the smoothness evaluation. Excessive smoothness of the routing is not conducive to realize collision avoidance or does not meet the actual manipulation habit. Conversely, an unduly large turning angle will cause a longer voyage with excessive energy and time consumption. In the paper, rudder angle changing is used to evaluate the smoothness of strategy: (12)- (17) of the Algorithm 1. By this way, the number of dominated individuals will be counted as the fitness values instead of the value of objective function. To maintain the diversity in the Pareto solutions, NSGA-II introduced a measure of individual's density respect to other individuals in the objective space, such as the steps (34)-(38) of the Algorithm 1 and had an elitism mechanism and crowed comparison operator to preserve the diversity of population. In step (39) of the Algorithm 1, an arithmetic crossover and Gaussian mutation operation will be adopted. In the simulation of this paper, the crossover ratio is 1.2, and the scale and shrink of Gaussian mutation are 0.1 and 0.5.
The Flow of Collision Avoidance Strategy Optimization.
The vessel collision avoidance strategy optimization is a complex system, which has many procedures. Figure 1 is the flow of collision avoidance strategy optimization. In order to evaluate the fitness of strategies, we adopt a mathematical 4 Mathematical Problems in Engineering
for in Pop( ): (9) = [ ] (10) np = 0 (11) for in Pop( ) (12) if dominate (13) pdomq.add( ) (14) else if is dominated by (15) np = np + 1 (16) if np is the first rank of Pareto (17) p rank = 1 (18) F1.add( ) (19) F.add(F1) (20) while [ ]
for in pdomq (23) if nq is dominated by other individual (24) q rank = + 1
for objFun in M objective function (34) [ ] = sort( [ ], objFun) (35) for in xrange(1, ( ) − 2): model of vessel of simulate the vessels. The vessel must assess the encounter situation all the time and collision avoidance will be carried out according to the encounter situation. The safe and economic collision avoidance strategy comes from numerous collision avoidance strategies that follows the requirement of International Regulations for Preventing Collisions at Sea (COLREGS) with highest fitness.
Collision risk evaluation is a very important part. There are many ways to evaluate the collision risk of vessels, including collision risk models [32] and ship domains [33] . In this paper, ship domain and ship Arena which are based on human praxiology and psychology are selected as the collision risk evaluation way. Fujii and Yamanouchi [34] proposed the concept of ship domain firstly. The domain is an ellipse, of which the geometrical centre is identical to the position of ship center, the major semi-axis is along the fore and aft of ship, and the minor semi-axis isalong the bear abeam of ship. Then, it is introduced to England in 1971. Goodwin [35] confirmed the existence of ship domain and established the model of ship domain according to the traffic investigation of south of the North Sea in open sea. It was derived from statistic methods from large number of record and simulator data. The definition of domain made by Goodwin [35] is "the surrounding effective waters that the navigator of a ship wants to keep clear of other ships or fixed objects. " The domain is divided into three sectors. The domain is shown in Figure 2 . Goodwin's model has shown that the navigator's actions is influenced by the COLREGS. The starboard side is larger than port side, and astern side is the smallest part. domain boundary. He made use of a circle whose area is equal to the sum area of the three sectors to Goodwin's domain. The ship shifted to bottom-left corner in the Davis's ship domain to keep the characteristic of Goodwin's. It is advantage for computer simulation as in Figure 3 . The numerical model is shown as follows: 
where is the distance to domain. If the ship is outside of the domain, < 0. is the course of ship. , are the coordination of imagination ship center. , are the coordination of real ship center. is the radius of domain. is the distance from real ship to imagination ship.
The ship Arena is used for navigators to determine the time of taking collision avoidance actions [37] . If any, we needed to keep our own ship domain unviolated. It is a bigger area than ship domain. The parameters are shown in Figure 4 .
Arena is a bigger area that navigator can adopt action or not when the target vessel is in the Arena. If the target vessel violates our domain in future, the navigator will adopt action to avoid this. In that period and in the following years or so, many scholars modified the ship domain and carried out practical researches. Since then, the ship domain has been widely used in ships' collision avoidance, marine traffic simulation, calculation of encounter rates, appraisal of collision risk, VTS design, and so forth.
Simulations
The encounter statuses of vessels are divided into head-on, crossing, and overtaking situations when two vessels have an encounter with a good visibility, the encounter statuses of vessels are divided into head-on, crossing, and overtaking situations [19] . Figure 5 is the three encounter situations. In the collision avoidance decision-making supporting system, we need to judge the encounter situation according to the status of two vessels, so as to determine the collision avoidance strategy [38] . In the simulations, the parameters of target vessel are that the vessel moves with a speed = 25 kn, the course is = 250 ∘ , the starting coordinates is (7, 5.5) , and the length of the vessel is 110 m. The parameters of local vessel are that the vessel moves with a speed 0 = 15 kn, the course is 0 = 0 ∘ , the starting coordinates is (0, 0), the length of vessel is 250 m, and the indexing of are = 0.193, = 34.119. In the simulations, the speed of vessels is constant, and there is no wind and waves. For NSGA-II, the ratio of intermediate crossover is 1.2 and the scale and shrink of Gaussian mutatin are 0.1 and 0.5.
According to status of two vessels, there is no collision risk at the beginning according ship Arena and domain. The two vessels will have a crossing encounter situation, and local vessel is the give-way vessel and the target vessel is standon vessel according to the collision liability division. With the navigation of the vessels, the target vessel will violate the Arena of local vessel, which is shown in Figure 6 . The target vessel violates Arena1 of local vessel at point A but does not violate the Domain1 of local vessel. Therefore, the local vessel does not need to adopt collision operation. However, the target violates the Domain2 of local when his position is point B, and we should adopt collision avoidance operations to avoid danger. Otherwise, the two vessels will have a collision in future, which is shown in Figure 7 .
In order to reduce the evaluation amount of unnecessary individuals, the individuals are generated in the feasible region according to the COLREGS. In order to facilitate a clear description of the process of collision avoidance optimization, the population size of NSGA-II is set to 30. In Figure 8 , it is the collision avoidance effect of population of infantile iteration. In Figure 9 , it is the collision avoidance effect of population of later optimization. From Figure 9 we can know that the individuals are convergent to a certain area. According to the final optimization result, an optimal collision avoidance strategy is selected when the rudder angle is 11 degrees, according to the fitness priority. The changes of DCPA, TCPA, and RT (distance of vessels) are shown in Figure 10 . From the figure, we can see that the distance of two vessels is smaller and smaller with the navigation. If there is not collision avoidance operation, the two vessels will have collision before Time 200. The DCPA and TCPA have a jump from Time 200 when the collision avoidance operation is adopted. After collision avoidance, RT becomes bigger.
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In Figure 11 , it is the comparison diagram of DCPA, TCPA, and RT when rudder angle is 6, 11, and 20 degrees. The DCPA change of rudder angle = 11 is bigger than rudder angle = 6 and smaller than rudder angle = 20. The minimal RT of rudder angle = 11 is bigger than rudder angle = 6 and smaller than rudder angle = 20. From Figure 11 , we can see that there is a bigger DCPA for a longer time when the rudder angle has a value of 11
∘ . At about time 175, the collision avoidance is carried out, then the distance of two vessels has an inflection point at time 200 and RT becomes bigger subsequently. However, different operations have different effects. Although a bigger rudder angle, like 20 ∘ , can obtain well safety fitness, other fitness will be suboptimal. Therefore, we can get an optimal collision strategy (11 ∘ of rudder angle) by the optimization of NSGA-II.
Conclusions
The environment of maritime traffic becomes more and more hostile. Therefore, the subject of how to provide reasonable collision avoidance information for navigators aboard has been studied. In this paper, we make use of the advanced navigational equipment and multiobjective optimization algorithm to obtain an optimal collision avoidance strategy. The optimization result is a safe and economical operation instruction considering COLREGS. The simulation results exhibit the validity of the method. After that the optimal collision avoidance operation is carried out, and the vessel will be out of danger. Then, the vessel can resume to the original route. Although the results are promising, we only discussed the optimization mechanisms of the collision avoidance system. The optimization is based on the navigational information of local vessel and target vessel. The corresponding sensors are required on actual vessel, and there will be a complex sea conditions in practical. 
